Skyrmion racetrack memory has a lots of potential in future non-volatile solid state devices. In general such devices require current to nucleate skyrmions via spin transfer torque (STT) effect. Further the current is also required to drive the skyrmions in the nanowire device. However the current applied during nucleation of successive skyrmions may have unwanted perturbation viz. Joule heating and skyrmion Hall effect, on the propagation of previously generated skyrmions. Therefore new methodology is required to decouple the generation and propagation of skyrmions. Here we present a novel route via micromagnetic simulation for generation of skyrmions from triangular antidot structure in a ferromagnetic nanotrack using local oersted field. Antidots are holes in a magnetic nanoelement . Controlled skyrmion injection can be achieved by tuning the dimensions of the antidots that are placed at either end of the nanotrack. Multiple skyrmions can be simultaneously generated by incorporating more number of antidots. Here we propose a novel design to realise skyrmionic racetrcak memory where one can individually generate and manipulate the skyrmions within the nanotrack.
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I. INTRODUCTION:
Skyrmions [1] are topologically protected magnetic states wherein the magnetic moments are arranged in a twisted configuration. This spin configuration has the least magnetic energy, and hence this system tries to remain in the given stable state when subjected to any external perturbations. Due to their topological stability and requirement of relatively low driving current density, skyrmions are potential candidates for future spintronic memory and logic devices [2] [3] [4] [5] [6] [7] [8] [9] [10] . Skyrmions are stabilised in magnetic systems [11, 12] , (both bulk and thin films) via an interplay of exchange energy, Dzyaloshinskii-Moriya interaction (DMI) [13, 14] , Zeeman energy and magnetic anisotropy [3, 10, 15, 16] . In recent years skyrmions in ferromagnetic thin films is of great interest due to their potential in skyrmion race track memory applications. In this case, the ferromagnetic thin film system should posses broken inversion symmetry and a proper combination of interfacial Dzyaloshinskii-Moriya interaction (iDMI) and magnetic anisotropy [17] .
Utilization of skyrmions for logic and memory devices demands a prior understanding of the efficient methods for their controlled generation and propagation. Recently there has been immense effort devoted to nucleate skyrmions via spin-polarized current, strain induced anisotropy, constrained geometry, etc. [2] [3] [4] [18] [19] [20] Jiang et al. [19] , have shown the nucleation of skyrmions from chiral stripe domains (CSD) by pushing it through a geometrical constriction under the application of an inplane current. Although there are several methodologies * sbedanta@niser.ac.in demonstrated for nucleation of skyrmions, nevertheless it should be noted that application of a current may affect the stability of the pre-generated skyrmions within the nanotrack. This may lead to issues with device reliability. Therefore a novel route to generate skyrmions in the absence of current is of utmost importance. [21, 22] In this paper we report creation of skyrmions from an antidot using micromagnetic simulations by varying the local magnetic field. Magnetic antidots are holes in a thin film which can be easily fabricated via various lithography techniques. It has been shown that Magnetic antidots act as pinning and nucleation center for magnetic domain walls [23, 24] . The edge of the antidots (triangular holes) work as the nucleation centers for the domains due to low anisotropy and high demagnetization energy. In this work we demonstrate that the nucleation of skyrmion from such an antidot strongly depends on a critical ratio of the antidot area with that of the magnetic nanotrack. We further propose a novel route to use such a system as a skyrmionic race track memory device.
The micromagnetic simulations were performed using object oriented micromagnetic framework (OOMMF) package which solves the Landau-Lifshitz-Gilbert equation in a ferromagnetic system which is given by:
where γ is the gyromagnetic ratio and α is the Gilbert damping constant. u is the vector along the direction of motion of electrons which is given by u = JP gµB/(2eM s ). The effective magnetic field of the system (H ef f ) is given by:
where µ 0 is the permeability in vacuum and E total is the magnetic energy of the system which consists of contributing energy terms such as exchange (E ex ), anisotropy (E ani ), DMI (E DM I ) and Zeeman energy (E zeeman ). We have used the classical model of localized magnetic spins in our system. The total Energy of the system can be written as:
where,
The propagation of skyrmion in a magnetic nanotrack is described by the Thiele equation which is given by:
where G is the gyromagnetic coupling vector given by G = Gĵ. Here G is given by G = (4πQ) where Q is the topological charge, andĵ is the unit vector along z axis. v is the velocity of the spin texture (skyrmion in our case). The first term in the equation explains the magnus force acting upon the skyrmion. D represents the dissipative force tensor where the xx and yy component have the same value as D, and the zz and the rest antisymmetric terms are zero. F represents the force acted upon the skyrmion from the surrounding environment.
II. METHODS
We have performed micromagnetic simulations using oxsii solver [25, 26] on a ferromagnetic nanotrack with antidots at the ends of the sample. The dimensions of the nanotrack are: length = 1000 nm, width = 120 nm, and thickness = 1.1 nm. Unless mentioned, the antidot is an equilateral triangle with the length of 72.5 nm. Material parameters used for the simulations are set as the parameters for Co 20 F e 60 B 20 [19] due to their low magnetic damping, and high saturation magnetization. Following are the material parameters used in our simulations: saturation magnetisation M s = 6.5 × 10 5 A/m, exchange constant A = 4.5 × 10 −12 J/m, perpendicular magnetic anisotropy K = 2.3 × 10 4 J/m 3 , and the DMI constant
The cell size of the simulations was fixed at 2 × 2 × 1.1nm 3 .
III. RESULTS AND DISCUSSIONS
In order to generate skyrmions into the nanotrack, the sample was saturated along +z direction under the application of an external magnetic field of 70 mT. Further, the field was reduced to 45 mT to nucleate a domain with opposite magnetization at the vicinity of the antidot. Subsequently, the magnetic field was increased back to 70 mT to depin the domain from the antidot vertex. Figure 1 shows the snapshot of the magnetization state during the evolution of skyrmion as a function of time. When the field was reduced to 45 mT the domain evolution occurs which is shown in Fig 1(a) and (b) at two different instances t = 0.55 ns and 0.75 ns, respectively. Reversing the magnetic field back to 70 mT led to the release of the domain into the nanotrack which essentially stabilized into a skyrmion under the influence of DMI present in the system. It should be noted that the magnetic field is needed to be kept at 45 mT for a short time interval (∼hundreds of ps) to nucleate the skyrmion.
To gain an insight into the dependence of shape of the antidot on skyrmion nucleation, we have performed similar simulations by considering square and semi-circular shaped holes. Figure S1 in supplementary information, shows the evolution of magnetic configurations for (a)-(c) square and (d)-(f) semi-circular antidots. We observed that instead of stabilizing into a skyrmionic state, the domain extends into a single chiral stripe domains (CSD).
The formation of such a CSD structure may be due to the inability to overcome the pinning potential arising at the vicinity of the antidots. Hence we note that the notch in the shape of a triangular antidot is essential for the formation of the skyrmions in such a system. We further investigated the effect of size of the antidot on skyrmion nucleation by varying the ratio of the length of the triangle and the width of the nanotrack. We have observed that the size of the triangle also plays a pivotal role in determining the creation of skyrmion. Below a critical area of the equilateral triangle (925nm 2 ) skyrmion nulceation was not possible.
The effect of magnetic field strength on the skyrmion nucleation is presented in figure 2 . It should be noted that skyrmion nucleation occurs in a certain field range. For example, in the case of triangular antidot shown in figure 2, skyrmion nucleation was possible in the field range 70 to 100 mT. At higher fields the skyrmion cannot be nucleated from the antidot, instead the domain nucleated at the vertex gets annihilated subsequently. The shrinking size of skyrmion as a function of external magnetic field can be understood from the relation between D/B and the skyrmion size [28] . One can conclude that the strength of magnetic field plays a vital role in determining the evolution and size of the skyrmions in the nanotrack.
In order to create multiple skyrmions in a single nanotrack, we considered two antidots of same size at the two opposite ends of the nanotrack. As expected, in the triangular antidot case, two different skyrmions originated from the opposite ends of the track when left to evolve under the applied magnetic field of +70 mT (Figure 3) .
The movement of the skyrmion generated on either ends of the nanotrack can be explained from equation (4) . Upon solving the equation, it is evident that the deviation of skyrmion path in the nanotrack is given by: G αD which is independent of the term F in equation (4) . Since the velocity component of skyrmion in the x direction is opposite in nature at the ends of the track, the angular deflection θ is opposite on the both ends of the track after they move significantly away from the confining forces acting on them from the antidots.
Another set of two triangular antidots has been introduced to develop two skyrmions from one end of the nanotrack. In this configuration, two antidots with similar dimensions were placed on the left side of the nanotrack by placing one below the other. It was observed that, the size and shape of the evolving skyrmions were not identical to each other. One of the evolving skyrmion was substantially larger than the other due to the lack of magnetic area near the respective antidot. Hence, in the initial stage, the larger evolving skyrmion interferes in the development of the smaller evolving skyrmion around the triangular antidot and pushes it into the antidot. This way the other evolving skyrmion gets annihilated. Thus in this process we observe the development of only one skyrmion (Figure 4 (a)-(c) ). However, the scenario was different when the size of the two evolving skyrmions are substantially larger. This is achieved by keeping the system at 45mT for a longer time (0.75 ns) Fig 4(d) . Here, the larger evolving skyrmion does indeed interact with the smaller one and tries to push it in. But, it does not have the sufficient time to completely push the smaller evolving skyrmion into the antidot by the time it is fully emerged as a skyrmion as shown in Fig. 4 (e) . After this process, the smaller evolving skyrmion has no more effective force from the other skyrmion and the former one starts to develop into another skyrmion (see Fig. 4 (f) ). Hence, here we see the development of two skyrmions from two antidots kept one above the other.
However, the interaction of the two evolving skyrmions nucleating from the antidots can be nullified by increasing the magnetic sample area in the nanotrack. The increase in the magnetic area near the antidots, facilitates the free growth of the two evolving skyrmions without the influence of one on the other. So, the evolving magnetic structure nucleated from both the antidots can now freely develop into two independent skyrmions. It must be noted that, because of the large sample area, the magnetic sample boundary is quite far from the nucleation point of the skyrmions. Therefore the skyrmions do not experience any confining forces from the boundary or from one another neighboring skyrmion. One can further observe the high transverse motion of skyrmions because of the skyrmion Hall effect and the smaller size of the skyrmion. So, the generated skyrmions from the antidots first start moving towards the sample edges. By applying current the skyrmions can be moved in the nanotrack. Hence it is understood that multiple skyrmions can be formed in the nanotrack by increasing the number of antidots until and unless, one evolving skyrmion does not interfere in the development of another during the process of nucleation.
In figure 5 , we propose a novel design to demonstrate the skyrmionic racetrack memory. The schematic design presented in figure 5 is conceptually similar to the existing prototype of domain wall based racetrack memory [27] . It should be noted that, the simulations presented so far in this work consider a global external magnetic field. However, here we show that one can apply spatially varying local magnetic field to generate skyrmions. In this design, we have employed a metallic strip line kept transverse to the nanotrack that is overlapped with the antidot. When current is flown through this metallic strip, Oersted field can be generated to switch the magnetization of the underlying nanotrack. In this way, one can nucleate skyrmions without the application of any external global magnetic field. Once the skyrmion starts evolving (Fig. 5 (a) ), the current pulse is removed so that the same skyrmion is stabilized under the influence of DMI as shown in figure 5(b) . Then a current pulse is applied through a nanotrack that drives the skyrmion towards the right edge. Again, by flowing current through the metallic strip one can locally generate a second skyrmion without affecting the previously nucleated skyrmion ( figure 5(c) ). This process can be repeated and in this way we can simultaneously create and drive multiple skyrmions in the nanotrack ( figure 5 (d)-(h) ). Using local Oersted field to generate skyrmions has several potential advantages compared to the conventional in-plane current induced nucleation. In current induced nucleation, skyrmions that were generated earlier in the nanotrack may also get affected as critical current density for skyrmion motion is relatively low. Moreover one can suppress the Joule heating.
IV. CONCLUSIONS
In summary, we present a novel route to nucleate skyrmions from the edge of the triangular antidot inside a nanotrack. The nucleation of the skyrmions strongly depends on critical dimensions of the antidot. We further show that multiple skyrmions can be generated by using multiple antidots carefully separated from each other. Most importantly we propose a novel design of skyrmionic racetrack memory device. Here, the skyrmions can be simulatenously generated and driven by using spatially varying local magnetic fields. We believe that our work will present a guidemap towards future skyrmionic based spintronic devices.
